The association of glucose transporters (GLUTl) and brain capillaries was tested in different brain structures of rats by a direct comparison of the topologies of capillaries and GLUTl in identical brain sections. Antibody staining of capillaries (fibronectin) and GLUTl were made visible by fluorescence micros copy. The results showed differences between brain structures containing a tight and a leaky blood-brain bar rier. All capillaries of brain structures with a tight blood brain barrier showed congruent staining of GLUTl and capillary morphology. The circumventricular organs that are known to have leaky barrier capillaries were stained
by fibronectin antibodies but not by GLUTl antibodies. Ependymal cells showed moderate staining by GLUTl antibodies both in areas with tight and leaky barriers. The subcommissural organ appeared to be unique showing neither capillary nor GLUTl stain. It is concluded that glucose transporters (GLUTl) exist in all brain capillaries of blood-brain barrier structures, whereas they are ab sent in leaky barrier structures. Moderate amounts of glucose transporter (GLUT!) can also be detected in ependymal cells. Key Words: Glucose transporter type I-Circumventricular organs-Blood-brain barrier Brain capillaries-Ependyma.
able capillary network of the circum ventricular or gans facilitates the tissue penetration of substances originating from the blood, which enables the cir cumventricular organs to function as sensors for neurohumoral messengers (Gross, 1992) . Previous studies specifically investigating "leaky" barrier structures in the brain for GLUTI have reported a lack of GLUTl in the median eminence of the hy pothalamus (Young and Wang, 1990) and the area postrema (Kalaria et aI., 1988; Young and Wang, 1990) . However, a systematic investigation of the circumventricular organs is lacking.
Based on this knowledge several questions re main to be answered: (a) Do all capillaries in brain structures endowed with tight junctions contain GLUTl? (b) Is there a complete lack of GLUTl in all capillaries of the circumventricular organs? (c) Can GLUTl be found in the brain in locations other than capillaries? With respect to (c), GLUTl stain ing has been reported to occur in the neuropil (Bag ley et aI., 1989) and in cultured glial cells (Sadiq et aI., 1990) .
To yield a high sensitivity of detection, fluores cence microscopy is well suited to visualize both capillary morphology and GLUTl by specific anti bodies. Capillary morphology can be stained by an-tibodies directed against fibronectin (FIBR), a basement membrane constituent, which is a reliable marker for the existing capillaries (Theilen and Kuschinsky, 1992) . GLUTl can also be stained by specific antibodies. As an extension of previous studies of our group (Gobel et al., 1990; Theilen and Kuschinsky, 1992) a method of double staining of capillary morphology and glucose transporter pro tein (GLUTl) was introduced in the present study in order to compare, in the same brain sections, the locations of capillaries and GLUT1.
The present study had the aim of investigating the congruence and divergence of brain capillary mor phology and of GLUTl in different brain structures by a combined detection of capillary morphology and GLUTl staining in identical brain sections.
METHODS
The experiments were performed on 13 male Wi star rats weighing 270-350 g. The animals were decapitated under halothane (l.5%)-N20 (70%)-02 (28.5%) anesthe sia. Brains were removed rapidly and shock-frozen in 2-methylbutane (Merck, Darmstadt, Germany) chilled to -40°C, embedded (M-l embedding matrix, Lipshaw, Detroit, MI, U.S.A.), cut into 5 fLm coronal sections at -20°C in a cryomicrotome (Leica, Nussloch, Germany), transferred to glass slides covered with poly lysine (Sigma, St. Louis, MO, U.S.A.) diluted 1: 10 with distilled water, then to covered glass slides and allowed to air dry for an hour. Then the sections were fixed with acetone at room temperature for 1 min. Excess acetone was allowed to evaporate at room temperature. The sections were overlaid with 50 fLl of the first of four antibodies and incubated in a humid chamber for 30 min. Then the sec tions were washed three times in phosphate buffered sa line (PBS) for 5 min. The margins were wiped dry, and the sections overlaid with the second antibody. This proce dure was repeated with the third and fourth antibody.
The four antibodies were (a) polyclonal anti-human fi bronectin antibody developed in goat (Sigma), diluted 1:600 in PBS. (b) 5-[(4,6-Dichlorotriazin-2-yl) amino] flu orescein (DT AF)-coupled poly clonal anti-goat immuno globulin antibody developed in donkey (Jackson Immu noresearch, West Grove, PA, U. S. A.), diluted 1:1600 in PBS. (c) Polyclonal anti-GLUTl antibody developed in rabbit (Calbiochem/Novabiochem, Bad Soden, Ger many), diluted 1:120 in PBS. (d) 7-Amino-4-methyl coumarin-3-acetic acid (AMCA)-coupled polyclonal anti rabbit immunoglobulin antibody developed in goat (Jack son Immunoresearch), diluted 1:50 in PBS. The stained sections were observed by fluorescent microscopy (Ax ioplan, Zeiss, Oberkochen, Germany). The microscopic equipment consisted of a fluorescent condensor (IV, FL, Zeiss), which contains two different fluorescent filter combinations, a high pressure mercury lamp (HBO 100, Zeiss) as a light source and 25 x objective (Plan-Neofluar 0.8 Immersion, Zeiss). The fluorescent filter combination for DTAF consisted of a 450-490-nm primary filter, a 510-nm dichroic interference mirror, and a 520-nm sec ondary filter. The filter combination for AMCA consisted of a 365-nm primary filter, a 395-nm dichroic interference J Cereb Blood Flow Metab, Vol. 15, No.4, 1995 mirror, and a 397-nm secondary filter. From each brain section photographs of the GLUTl-stained capillaries and FIBR-stained capillaries were taken. For photo graphic documentation, a camera (Nicon MF-14) with a Kodak Ektachrome 400 ASA film was used. The slides were visualized on an illuminated screen. With a micro scope (25-fold magnification) the capillary spots and GLUTl-stained capillaries of each slide were counted and the ratio of GLUTl-stained capillaries and FIBR stained capillaries was calculated. Table 1 shows a comparison of the counts per area of brain slice obtained from glucose transport ers (GLUTl) and capillary morphology (FIBR) in brain structures with a tight barrier. The highest density of GLUTl-stained capillaries was found in the inferior colliculus and in the medial geniculate body. The density of GLUTl-stained capillaries was lower in the white matter. Corresponding re sults were obtained for the density of capillary structures. The ratios between the number of GLUTl-stained capillaries and the capillary density ranged from 0.97 to 1.01. The ratios showed no dif ferences between gray and white matter. Figure 1 shows an example of the data presented in Table 1 . The high congruence between the pattern of capil lary morphology and GLUTl staining is evident. Table 2 shows a comparison of the counts per area of brain slice obtained from glucose transport ers (GLUTl) and capillary structures (FIBR) in the circumventricular organs, i.e., brain structures that are known to have a leaky blood-brain barrier. The highest capillary density was found in the area pos trema, whereas the lowest capillary density was ob served in the intermedian part of the pituitary gland. The median eminence, the subfornical organ, and the pineal gland showed capillary densities compa rable to the values of the white matter structures that contain a tight blood-brain barrier. In contrast to the structures equipped with a tight blood-brain barrier, GLUTl staining of the capillaries was lack ing in all circumventricular organs. This resulted in a ratio of GLUTl counts to FIBR counts of O. Figure 2 shows an example of the findings pre sented in Table 2 and is taken from the area postrema. The capillaries show a larger diameter than those of brain structures containing microves sels with a tight blood-brain barrier. The lack of GLUTl stain of capillaries in the area postrema is evident. A peculiarity was found for the subcom missural organ since it showed neither FIBR nor GLUTl staining at all.
RESULTS
In addition to capillaries of tight barrier struc tures, a moderate degree of GLUTI staining was observed in the ependyma. The entire ependyma was stained by GLUTl regardless of a tight or leaky barrier in the underlying brain parenchyma. The in tensity of the ependymal staining of GLUTl was less than that of the capillary GLUTl. Examples of ependymal staining of GLUTl are given in Fig. 3 .
DISCUSSION
The present study shows, by a direct comparison using double staining, a complete congruence be tween capillary morphology and GLUTl staining in all tight barrier structures investigated and a com plete lack of GLUTI staining of all capillaries of leaky barrier structures. A unique finding was the absence of FIBR and GLUTl staining in the sub commissural organ. Moderate GLUTI staining was Densities were determined as counts per area of brain slice. Counts/mm2 = number of capillary spots per mm2• observed in the entire ependymal lining of the ven tricles.
The highly sensitive and specific immunofluores cent method of double staining of capillary mor phology and glucose transporter protein (GLUTl) was applied for the first time in the present study. It allows one to observe and quantify FIBR and GLUTl staining in identical brain sections. By changing the filter combination of the fluorescence microscope the locations of FIBR and GLUTl staining can be compared. Previous methods pre cluded such a direct comparison of the location of capillaries and glucose transporter protein.
The systematic comparison of GLUTl staining and capillary morphology in various brain struc tures has demonstrated that GLUTl can be found in all capillaries of tight barrier structures. This finding is in accordance with the observations of previous studies. Morphologic investigations have shown the existence of GLUTl in brain structures containing capillaries with tight junctions (Gerhart et aI. , 1989; Kasanicki et aI., 1989; Harik et aI. , 1990; Takata et aI. , 1990; Dermietzel and Krause, 1991; Farrell and Pardridge, 1991; Guerin et aI., 1992) . The complete association of GLUTl with capillaries of barrier structures is in accordance with an exclusively vas cular location of GLUTl. Northern and Western blot analyses, and in situ hybridization also have shown selective expression of GLUTI in microvas cular endothelium with minimal, if any, expression in brain cells Pardridge et aI., 1990) . Congruent with the concept of a loca tion of the blood-brain barrier in the endothelial tight junctions (Reese and Karnovsky, 1967; Bright man and Reese, 1969) , an endothelial location of GLUTl has been observed by Gerhart et al. (1989) , Harik et al. (1990) , and Dermietzel et al. (1992) . Whereas the vascular location of GLUT 1 in blood-:-brain barrier structures is well accepted, few studies have postulated a location of GLUTl in cul tured glial cells or the neuropil. Sadiq et al. (1990) have observed GLUTl staining in cultured glial cells. As outlined by Pelligrino et al. (1992) , this finding in cultured cells may not hold for the adult brain under in vivo conditions. Bagley et al. (1989) have applied an enhanced immunogold method and reported an occasional appearance of GLUT 1 in the neuropil. This finding has been ascribed to an arti fact immanent in the use of a defective silver en hancement technique when applying the immu nogold silver staining method (Farrell, et aI., 1992) . In the present study, the exclusive vascular location of GLUTl could be verified in capillaries of tight barrier structures. This finding supports the hypoth esis that a high density of GLUTl is a concomitant of capillary endothelial cells with "occluding" in tercellular junctions in rat brains (Harik et aI. , 1990) . On the other hand, the close association be tween GLUTl and "occluding junctions" may not exist in microvessels of tumors. Guerin et al. (1992) have found a high permeability of Evans blue in different types of experimental brain tumors that contained varying amounts of GLUTl in their mi crovessels. Nevertheless, no relation be t ween GLUTI expression in capillaries and vascular per meability was observed. Even tumors that showed GLUTI in practically all microvessels were perme-able to Evans blue. In contrast, microvessels of hu man brain tumors did not contain GLUTl (Harik and Roessmann, 1991) .
In the circumventricular organs, GLUTl staining was lacking in capillaries of the pituitary gland, the pineal gland, the subfornical organ, the area pos trema and the median eminence. This result is in accordance with findings obtained from the subfor nical organ (Young and Wang, 1990) , the pituitary and pineal gland (Harik et aI. , 1990) , and the area postrema and median eminence (Kalaria et aI. , 1988; Young and Wang, 1990; Dermietzel and Krause, 1991) . Concerning the hypophysis, Gerhart et ai. (1989) showed lack of GLUTl in the adeno hypophysis, whereas few microvessels of the neu rohypophysis were stained for GLUTl, especially those adjacent to the intermedian part. Species dif ferences appear to exist in the pineal gland. In the rat, no GLUTl staining could be observed by Harik et ai. (1990) as well as in the present study. Con versely, GLUTI staining of capillaries has been found in the pineal gland of monkey (Harik et aI. , 1990) and of man (Kalaria et aI., 1988) . Whether this indicates an altered functional state of the capillar ies is not known. Of the circumventricular organs, the subcommissural organ appeared to be unique with respect to both its origin from ependymal cells with lack of neurons and glial cells and the observed lack of staining of both capillaries and GLUTl. Lack of capillary staining could be confirmed by using an additional antibody against brain capillar ies, viz., nonmuscle myosin. In a previous study (Theilen and Kuschinsky, 1992) we could show that brain capillaries can be stained by antibodies against nonmuscle myosin. The lack of staining of capillaries and GLUTl in the subcommissural or gan indicates that glucose is supplied to the sub commissural organ from capillaries of neighboring brain structures and from the adjacent ependyma which both contain GLUTl.
In the present study, the entire ependyma was examined systematically for FIBR and GLUTl staining. In addition to capillaries, ependymal cells were stained by FIBR antibodies because FIBR is a constituent of epithelial and endothelial cells. In ad dition to FIBR, GLUTl was also found in the entire ependyma, although staining was less intense than in capillaries. Ependymal staining appeared to be relatively prominent around the third ventricle. Harik et ai. (1990) observed ependymal GLUTl staining which was confined to the ependyma ad herent to circumventricular organs. This observa tion may not be at variance with the present find ings because the highly sensitive immunofluores cent microscopic method used in the present study may allow detection of smaller quantities of GLUTl than other methods. The finding of a general, al though moderate, ependymal location of GLUTl raises the question as to the function of small amounts of GLUTI in the ventricular ependyma. It is possible that ependymal GLUTl plays some role in the exchange of glucose between cerebrospinal fluid and brain tissue.
The present study shows regional differences in the densities of capillaries and of GLUTI between brain structures. These observed local heterogene ities of capillary densities are in accordance with a previous study of our group (Klein et aI., 1986) in which a close interdependency of local capillary density, blood flow, and metabolism in rat brains could be demonstrated.
Altogether, a systematic analysis of brain sec tions has been performed for GLUTl staining in relation to capillary morphology. The existence of GLUTl staining was verified in all capillaries of blood-brain barrier structures. In contrast, GLUTI staining could not be detected in the capillaries of leaky barrier structures. The lack of capillary and GLUTI staining in the subcommissural organ was unique. In addition to the vascular location of GLUTl, a less-intense GLUTl staining was ob served in the entire ependyma of the ventricular walls, indicating a role of the ependymal GLUTl in the exchange of glucose between cerebrospinal fluid and brain tissue.
